Dibenzothiophene monooxygenase (BdsC) from Bacillus subtilis WU-S2B utilized aromatic compounds not having sulfur atoms as substrates. It acted on indole and its derivatives to form indigoid pigments, and also utilized indoline and phenoxazine. In addition, BdsC exhibited activity toward benzothiophene (BT) derivatives but not BT, suggesting that it shows wide reactivity toward aromatic compounds.
Dibenzothiophene (DBT) is widely recognized as a model compound for biological desulfurization. The enzymes and corresponding genes involved in DBT desulfurization have been investigated in detail using Rhodococcus strains, 1) and particularly, significant studies have been performed with the IGTS8 strain.
2) The DBT desulfurization enzyme system consists of three enzymes: DBT monooxygenase (DszC), DBT sulfone monooxygenase, and 2 0 -hydroxybiphenyl 2-sulfinate desulfinase (DszB). Recently, the three-dimensional structure of DszB was elucidated, 3) and improved mutant enzymes have been constructed by site-directed mutagenesis. 4) In addition to the Rhodococcus strains, some bacteria grow in the presence of DBT as sole source of sulfur. One of these strains is Bacillus subtilis WU-S2B, which was isolated as a thermophilic desulfurizing bacterium growing at 50 C, 5) and the enzymes and corresponding genes have been identified. 6, 7) Investigation of substrate specificity of DBT monooxygenase, designated BdsC, has shown that it acts on some DBT derivatives but not on benzothiophene (BT), but BT derivatives had not been tested as substrates for BdsC at that time. During the study of the enzyme's properties, it was observed that the culture broth showed a blue color when recombinant E. coli overproducing BdsC was cultivated. This suggested that BdsC acts on indole that is converted from tryptophan in culture, and that the blue pigment indigo is formed from indole. This phenomenon was applied to the gene cloning of flavin reductase from the WU-S2B strain. 8) Many aromatic ring oxygenases have been found to oxidize indole to form indigoid pigments. These enzymes were initially found in microorganisms degrading aromatic hydrocarbons such as toluene, 9) styrene, 10) and phenol. 11) BdsC was originally found as an oxygenase involved in the metabolism of DBT. We have been measuring BdsC activity in a cell-free extract using DBT as substrate. In this study, we tried the BdsC reaction using several aromatic compounds as substrates, and examined its reaction properties.
BT derivatives were gifts from the Japan Cooperation Center, Petroleum (Shizuoka, Japan). The other chemicals used were obtained from Wako Chemical Industries (Osaka, Japan) or Aldrich (Milwaukee, WI). The BdsC overproducing strain E. coli BL21(DE3)/ pET21-a/bdsC was cultivated as described previously. 6) To measure BdsC activity, flavin reductase (DszD) from another desulfurizing strain, R. erythropolis D-1, was used, and the overproducing strain E. coli BL21(DE3)/ pET21-a/dszD was cultivated as described previously.
12)
The cells were harvested by centrifugation (7;500 Â g, 20 min), suspended in 50 mM Tris-HCl buffer (pH 8.0) containing 1 mM dithiothreitol and 10% glycerol, and disrupted with an ultraosicillator at 20 kHz (sonifier 450; Branson Instruments, Danbury, CT). The supernatants after centrifugation were analyzed by SDS-PAGE, and it was found that both samples showed thick bands corresponding to the desired molecular mass with faint contaminant bands (data not shown). Since enzyme activities were detected in these samples, the supernatants were used as enzyme solutions.
DszD activity was determined as previously described. 12) A reaction mixture for BdsC contained 100 mM potassium phosphate buffer (pH 7.0), 10 mM FMN, 6 mM NADH, 0.9 mM DBT (in ethanol), 10 units/ml DszD, and the enzyme in a total amount of 250 ml. The reaction was done at 30 C with vigorous shaking, and was stopped by adding 25 ml of 12 M HCl. The mixture was extracted thoroughly with 200 ml of ethylacetate, and after centrifugation (15,000 rpm, 5 min) the supernatant was subjected to HPLC analysis. For enzyme reactions using several aromatic compounds, they were added instead of DBT to the reaction mixture described above. Except for indole and its derivatives, HPLC analysis was performed to determine the remaining substrates and products by a method y To whom correspondence should be addressed. Tel/Fax: +81-857-31-5269; E-mail: ohshiro@bio.tottori-u.ac.jp Biosci. Biotechnol. Biochem., 73 (9), [2128] [2129] [2130] 2009 Note described previously.
13) The mobile phase contained 85% methanol in potassium phosphate at pH 2.5. The amounts of products from BT derivatives due to the enzyme were tentatively calculated assuming that the peak areas per mol of each product on HPLC were the same as that of DBT sulfone. When indole or its derivatives were used as the substrate for the enzyme reaction, insoluble indigo or the derivatives formed were dissolved by the addition of N,N-dimethylformamide, 10) and the resulting solutions were analyzed with a spectrophotometer, as follows: The enzyme reaction mixture was boiled for 3 min and centrifuged at 15,000 rpm for 5 min. The supernatant was analyzed by HPLC to determine the remaining indole or its derivatives, as described above, except that the mobile phase contained 60% methanol. One milliliter of DMF was added to the pellets to dissolve the blue pigment. After centrifugation (15,000 rpm, 5 min), the optical density at 610 nm of the supernatant was determined. The amounts of products from the indole derivatives by the enzyme were tentatively calculated assuming that the molecular absorption coefficients of each product were the same as that of indigo. The samples extracted with ethylacetate after the enzyme reactions were analyzed by the GCMS system (JMS-AX505HA, JEOL, Tokyo, Japan) fitted with a DB-1 capillary column (length 30 m, J&W Scientific, Folsom, CA). The starting and final temperatures were 70 and 250 C, and the rate of temperature increase was 10 C per min. The BdsC reaction was done using indole as a substrate instead of DBT. As the enzyme reaction proceeded, blue insoluble materials appeared gradually. We confirmed that the absorption spectrum of the resultant solution after dissolving with DMF was identical to that of authentic indigo (data not shown), suggesting that BdsC converted indole to indigo. The time course of the enzyme reaction is shown in Fig. 1 . The decrease in the amount of remaining indole accompanied the increase in the amount of indigo formed, but the reaction did not proceed stoichiometrically, and the molar conversion rate was approximately 20% after the reaction for 60 min. No other peaks were detected on the HPLC chart. McClay et al. 14) illustrated indole oxidation characteristics in detail, finding that 2,3-dihydroxyindole and 3-hydroxyindole were especially unstable, and that other hydroxyindoles were also converted to further metabolites in the presence of oxygen. In the present study, the vigorous shaking at the enzyme assay possibly promoted such a decay process, and thus it is conceivable that the reaction did not occur stoichiometrically and that no reaction intermediates were detected. Next we examined to determine whether BdsC would act on several indole derivatives. Among these, indole derivatives with 1-methyl, 4-methyl, 5-methyl, 6-methyl, 7-methyl, 5-bromo, 5-chloro, and 5-methoxy worked as substrates for BdsC, and blue pigments were observed. On the contrary, red pigments were detected using 6-bromo and 6-chloroindoles as substrates (data not shown). In the latter case, the indirubin derivatives might have been formed by enzymatic reactions according to the scheme shown in Fig. 2 . The position of the methyl group attaching to the indole skeleton influenced the intensity of the blue colors formed by the enzyme reactions. Since no indigo derivative was commercially available, the correct amount of product was not estimated. However, if it is assumed that the molecular absorption coefficient of each indigo derivative is the same as that of indigo, the amount of indigo derivative formed from 5-methylindole was clearly larger than that from indole (Fig. 3) . The reaction mixture consisted of 0.5 mM indole, 10 mM FMN, 6 mM NADH, 10 units/ml DszD, 25 units/ml BdsC, and 100 mM potassium phosphate buffer (pH 7.0). The amounts of indole and indigo were determined with HPLC and spectrophotometer respectively, as described in the text. Symbols: , indole; , indigo. The reaction mixtures consisted of 10 mM FMN, 6 mM NADH, 10 units/ml DszD, 25 units/ml BdsC, 100 mM potassium phosphate buffer (pH 7.0), and 0.9 mM indole ( ), 1-methylindole ( ), 4-methylindole ( ), 5-methylindole ( ), or 6-methylindole ( ). The amounts of indigo derivatives were determined with a spectrophotometer as described in the text.
We investigated to determine whether BdsC utilized aromatic compounds without sulfur atoms other than indole as substrates. Indoline and phenoxazine were found to be substrates for BdsC, and hydroxylated products were confirmed with GCMS analysis, but the products from the substrates were not identified due to the small amounts of them. Twenty-five other commercially available analogs, including 7-azaindole, benzothiazole, quinoline, and phenazine, were inert.
Finally, we tried to determine whether BdsC would act on BT and BT derivatives. As mentioned above, our previous study showed that BdsC did not utilize BT as a substrate. 6) After enzyme reactions using 0.9 mM tested compounds at 30 C for 60 min, the relative activities were 100% for DBT, 209% for 2-methylBT, 33% for 5-methylBT, 28% for 2-ethylBT, 13% for 2,7-diethylBT, and less than 10% for 3-methylBT, 7-methylBT, and 7-ethylBT. In all cases, signals corresponding to their sulfone forms were observed on GCMC analysis. It was confirmed again that BT was not a substrate of BdsC. Konishi et al. compared substrate specificity between DszC and the corresponding enzyme, TdsC, from the thermophilic desulfurizing bacterium Paenibacillus sp. A11-2, and clearly demonstrated that TdsC acted on BT better than DBT, and that DszC had the reverse specificity.
16) It is thought that the reactivity of BdsC toward DBT and BT derivatives was somewhat different from those of DszC and TdsC. It has been reported that the DNA shuffling method endowed indigo forming activity on DszC from R. erythropolis.
17)
This suggests the possibility that DBT monooxygenase easily gains or loses the oxidation activity of the heterocyclic compound with nitrogen other than sulfur during evolution, though it is not clear which is the ancestor, DszC or BdsC.
This study indicates that BdsC utilized some aromatic compounds, including indole and its derivatives, as substrates in the enzymatic reaction. Chiral sulfoxidation and regiospecific oxidation of aromatic compounds are attractive reactions. Genetic engineering based on protein structure should further improve such reactivities of BdsC in the future.
